Abstract Droughts are complex natural hazards that, to a varying degree, affect some parts of the world every year. The range of drought impacts is related to drought occurring in different stages of the hydrological cycle and usually different types of droughts such as meteorological, agricultural, hydrological, and socio-economical are the most distinguished types. Hydrological drought includes streamflow and groundwater droughts. In this paper, streamflow drought was analyzed using the method of truncation level (at 70 % level) by daily discharges at 54 stations in southwestern Iran. Frequency analysis was carried out for annual maximum series of drought deficit volume and duration. 35 factors such as physiographic, climatic, geologic and vegetation were studied to carry out the regional analysis. According to conclusions of factor analysis, the six most effective factors include watershed area, the sum rain from December to February, the percentage of area with NDVI \0.1, the percentage of convex area, drainage density and the minimum of watershed elevation, explained 89.2 % of variance. The homogenous regions were determined by cluster analysis and discriminate function analysis. The suitable multivariate regression models were ascertained and evaluated for hydrological drought deficit volume with 2 years return period. The significance level of models was 0.01. The conclusion showed that the watershed area is the most effective factor that has a high correlation with drought deficit volume. Moreover, drought duration was not a suitable index for regional analysis.
Introduction
Droughts have significant and widespread environmental and economic consequences. For example, the 2003 panEuropean drought affected 19 countries, with an estimated cost exceeding 11.6 billion Euros. Drought typically costs the USA around 6-8 billion Dollars per year (FEMA 1995) , with losses in the order of 20 billion Dollars during the severe 2002 drought (Wilhite and Buchanan-Smith 2005) . During the 2000-2003 period, droughts in south Asia affected more than 100 million people with severe impacts felt in Western India, Pakistan, Afghanistan and Iran. In Iran, water levels in 36 reservoirs dropped by 45 % during this period, some 60 % of the rural population was affected, 2.8 million tons of wheat was destroyed, over 800,000 animals died, 8.4 million hectares of orchards and crops were lost and 9.6 million hectares of forested land became endangered.
Different types of droughts are described in the literature. A meteorological drought represents a deficit in precipitation, and an agricultural drought reflects a prolonged soil moisture deficit (which may decrease agricultural production and increase the chance of forest fires). Evaporative drought index is closely correlated to the average soil moisture (Yao et al. 2011) , whilst hydrological drought is defined as the deficit in surface water and groundwater. The latter leads, in particular, to reduced water supply for drinking, irrigation, industrial and hydropower needs. A discussion of different drought definitions may be found in Dracup et al. (1980) and Wilhite and Glantz (1985) .
Droughts most severely affect arid and semiarid regions, such as those found across a majority of the territory of Iran, where water resources cannot meet the demands even under normal conditions. Such areas frequently experience droughts of various magnitude and duration which cause competition among different water sectors and generate social stress. Hence, study of droughts in arid regions is particularly important for water resource planning and management to reduce the risk of water shortage.
Spatial analysis of hydrological drought characteristics is required for water transfer projects as well as for planning conjunctive use of surface and groundwater resources. Furthermore, regional analysis must be carried out for the transposition of drought indices to ungaged locations. Vogt et al. (2000) recommended that drought research should include regional hydrological analysis, whereby spatial variation of meteorological and physical properties of the region needs to be studied in detail. Temporal and spatial variabilities of hydrological drought were investigated in ARIDE project-Assessment of the Regional Impact of Droughts in Europe . In ARIDE project, a comprehensive hydrological database consisting of daily discharges from over 5,000 water gauges was used. Mosley and Pearson (1997) also studied hydrological drought extremes in New Zealand, including controlling processes, estimation methods, and effect of land use and management practices. Fiorillo and Guadagn (2012) analyzed the relationship between meteorological and hydrological droughts. Longer meteorological droughts induce groundwater droughts, and the start, duration and time-lag of the hydrological droughts have been evaluated.
The main objective of this study was to extend, in space, at-site hydrological drought characteristics to the region of interest through a comprehensive regional analysis. This is done by determining the factors that mostly affect the hydrological drought, obtaining multivariate regional models, and producing drought maps at sub-basin scale. The study area encompasses major river basins in southwestern Iran, where surface water use and water transfer are pivotal. The study region benefits from considerable surface water which constitutes roughly a quarter of total surface water resources in the country. Vast agricultural areas rely on surface water in this region, making drought a challenging economic and social disaster.
Study area and data Southwestern Iran, extending from 30°20 0 to 34°56 0 N latitude and 46°06 0 to 52°30 0 E longitude, comprises the Karkhe, Dez, and Karoon river basins. The cumulative area of these basins is 116,200 km 2 . This region has a ''Mediterranean'' climate type with wet winters and dry summers. The Zagros Mountains feed the rivers in the study region. Lowland areas receive surface water from Zagros tributaries and have great potential for agricultural development. This region sustains a large population and is a very important agricultural pole.
The regional elevation varies from zero in lowlands to over 4,000 m in mountains. The map of digital elevation model (DEM) is illustrated in Fig. 1 , which shows topographic variations. Moisture from the Mediterranean Sea, Persian Gulf, Red Sea and Northern Atlantic Ocean is the source of precipitation. The Zagros Mountains face the prevailing moisture systems (Jamab Engineering Consultants Company 2000). The annual precipitation varies from 150 to 1,500 mm depending on the orographic effects.
Daily discharge series for the hydrometric stations were made available by the Iranian Water Resource Management Organization. A number of statistical tests were performed on the discharge data of all stations to control data quality, homogeneity, and randomness. Homogeneity was evaluated using Mann-Whitney test. Independence and randomness were checked by Wald-Wolfwitz and run test, respectively (Helsel and Hirsch 1992) . Missing values were estimated by regression with a reference station. In the whole study area, only 54 stations were found to experience a natural flow regime and agreed such tests. Other seven stations were rejected. The flow is perennial in all stations. Figure 2 shows the geographic location of the study area in relation to the country, hydrometric stations, and river drainage network. Monthly flow is maximum in the month of April varying from 1 to 730 m 3 /s, while the minimum flow in the month of September varies from 0.11 to 222.6 m 3 /s among stations. A description of the main hydrological regime (monthly mean flow) is illustrated in Fig. 3 . The regimes are affected by snowmelt, having a snowmelt peak in spring. Several meteorological, geological, physiographical, climatic and cover factors are used as independent variables (35 factors, Table 1 ).
Methodology
Regional analysis is a method to estimate the hydrological characteristics of ungaged basins. The commonly studied hydrological characteristics involve flow duration quantiles, floods of different return periods, interdependent low flow magnitude and duration, and, as in this study, hydrological drought indices. Several studies have reported on the regional aspects of droughts through relationships among climatic, physiographic, geologic and land cover with hydrologic indices (e.g., Nathan and McMahon 1990; Chalise et al. 2003; Nutzmann and Mey 2007; Longobardi and Villani 2008) , or by analyzing spatial patterns of point drought (e.g., Sen 1980; Tallaksen and Hisdal 1997 ; Fig. 2 The network of hydrometric stations in the study area Henriques and Santos 1999; Zaidman et al. 2001; Hisdal and Tallaksen 2003) , or by applying rainfall-runoff models (e.g., Young et al. 2000; Croke et al. 2004; Goswami et al. 2007; Xu et al. 2008) . The former regional approach is adopted in this paper whereby some 35 independent variables are selected for establishing a regional hydrologic 
Drought indices
The threshold (truncation) level approach introduced by Yevjevich (1967) , based on the theory of runs, defines droughts as periods during which the water supply is lower than the current water demand. The run theory was developed originally for the monthly time step. For at-site analysis, the truncation level method has been widely applied to study the drought occurrence (e.g., Zelenhasi'c and Salvai 1987; Kjeldsen et al. 2000; Tallaksen 2000; Fleig et al. 2006; Radic and Mihailovic 2005) . Further, a drought severity index (DSI) in relation to the threshold is defined, such as that applied in a study in Betwa River System in India by Pandey et al. (2008) , as a function of (1) the ratio of deficit flow volume to corresponding volume at the truncation level and (2) the ratio of duration of deficit flow to the maximum possible duration of the independent streamflow drought event. This can help establish whether particular river reaches are more prone to severe droughts than others or whether the timing of drought events might impact its severity and duration. Yevjevich (1983) simplified this method by applying a constant demand that was represented by a threshold level (Q a ). Thus, droughts were defined as periods during which the stream flow is below the threshold level. Crossing the threshold signifies the onset of drought while the difference between the threshold and the current flow values indicates the instantaneous volumetric deficit. Based on the run theory, a run is the period between two consecutive crossings of the truncation level and it delineates a drought event. The run length then determines the duration of the drought event and the run sum describes the cumulative deficit volume. The drought characteristics include deficit volume or severity, V i , duration, d i , and the start of drought, t i , as illustrated in Fig. 4 .
Applications of threshold level method may generally include frequency analysis of drought characteristics (Hisdal et al. 2002; Hisdal and Tallaksen 2003) , studies of the at-site statistical characteristics of multi-year stream flow droughts (Dracup et al. 1980) , analysis of drought duration and deficit volume series selected from the daily stream flow records (Demuth and Kulls 1997; Demuth and Heinrich 1997; Tallaksen and Hisdal 1997; Hisdal et al. 2002; Meigh et al. 2002; Fleig et al. 2006) , analysis of the link between drought occurrence and atmospheric circulation patterns (Stahl 2001) , and study of spatial variability in temporal trends of stream flow drought characteristics (Hisdal et al. 2001) . Some researchers have applied a variable threshold level instead of the constant percentile (e.g., Stahl 2001; Hisdal et al. 2001; Zaidman et al. 2001 ).
The threshold level should represent the lower boundary to ''normal'' condition and, in this case, is set to a percentile of the daily flow duration curve (FDC), e.g., the 70 percentile flow (Q 70 ), which represents the flow that has exceeded 70 % of the time. For perennial rivers, threshold levels are set between Q 70 to Q 90 and for intermittent streams lower Q a must be chosen (Fleig et al. 2006) . The choice of Q a influences both the presence of multi-year droughts and the number of events in the time series. In this study, we focused on within-year droughts by examining different threshold levels from Q 60 to Q 90 . The threshold levels lower than Q 70 caused too many non-drought years in some watersheds. On the contrary, multi-year droughts occurred for threshold levels greater than Q 70 which present major problems to the analysis of drought and water management. Thus, Q 70 threshold level was adopted. The run theory produces minor and dependent droughts when applied to the daily discharge time series. Minor droughts have short duration and small deficit volume and should be removed in an extreme value analysis. Dependent droughts can occur during long periods of low discharge. There are three different pooling procedures, namely, moving average (MA), sequent peak algorithm (SPA) and the inter-event time criterion (IT). The pooling procedures were discussed by Tallaksen and Hisdal (1997) , Hisdal and Tallaksen (2000) and Fleig et al. (2006) . Based on the IT criterion, two dependent droughts are pooled if they occur less than a critical number of days, t c , apart, i.e., t i t c . The duration of pooled drought is defined from the starting (first) day of the first pooled event to the last day of the last pooled event:
where d i and d iþ1 are the duration of events i and i ? 1, respectively. Tallaksen and Hisdal (1997) and Fleig et al. (2006) recommended t c ¼ 3 days while Zelenhasi'c and Salvai (1987) used t c ¼ 6 days for perennial rivers in Yugoslavia. The pooled drought deficit volume of the pooled events is as follows:
Minor droughts are excluded when their deficit volume is smaller than a certain coefficient (%) multiplied by the maximum observed deficit volume (V i a Â V max ). The value of a must be between 0.5 and 1 %. The sensitivity analysis was applied for testing different values of the t c and alpha parameters. 25 combinations of a and t c were tested (a = 0, 0.25, 0.5, 0.75 and 1 % with t c = 1, 3, 5, 7, and 9 days) for all stations. The results of sensitivity analysis showed that the drought deficit characteristics do not change substantially after t c [ 5 and a [ 0:5 % so it was concluded that the combination of a ¼ 0:5 % and t c ¼ 5 days had the best choice.
Drought frequency analysis
Annual maximum series (AMS) of drought characteristics may be derived from the time series of daily discharge based on a threshold level. The distribution, F t x ð Þ, of the drought deficit volume and duration AMS in a given [0, t] time interval, e.g., 1 year, are expressed based on the distribution of the number of droughts combined with the distribution of the magnitudes of all events within the time interval, H t x ð Þ, such that (Fleig et al. 2006 ):
where Z t is the number of drought events and PrðZ t ¼ kÞ is the probability of k events during the time interval. The NIZOWKA software (Jakubowski and Radczuk 2004) was used for the extraction and analysis of droughts in this study. A more extensive description of NIZOWKA can be found in Tallaksen (2004) and Tallaksen et al. (2004) . Minor droughts were excluded with a ¼ 0:5 % and dependent droughts were pooled with t c ¼ 5 days. Several probability distributions including Gamma, Weibull, LogNormal, Johnson (Johnson 1949) , Gumbel and Generalized Pareto were examined to fit the series of deficit volume and duration by applying the method of maximum likelihood. Moreover, the Pascal and Poisson distributions were applied for the event numbers per year.
The Chi-square (v 2 )-goodness of fit test was used to examine different distributions at 0.05 significance level (Haan 1977) . Moreover, the distribution functions were visually compared with the observed AMS. The return period of drought characteristics (deficit volume and duration) were calculated by: 
where F(x) represents the cumulative density function (cdf).
Drought regional analysis
In order to study the regional effects of drought, we need to consider the relations between drought indices and different factors such as physiographic, geologic, climatic, and land cover. To study such relations, regional analysis method is suitable. The regional analysis procedure involves factor analysis, cluster analysis, discriminant analysis, and development of regression models. To distinguish several most effective factors among the 35 affecting drought indices, factor analysis and discriminant analysis are used. Factor analysis is being used as a dimension reduction technique to reduce the number of independent variables; it also attempts to identify factors that explain the formation of correlations within a set of observed variables. Rotated factor loadings are first determined. Factor rotation is then performed in which the provisional factors are transformed in order to find new factors that are easier to interpret. There are several Bold values indicate the highest loading factor for variables methods of factor extraction and rotation among which the Varimax rotation method is often used. Varimax rotation maximizes the sum of these variances for all factors. Next is calculating the factor scores, via principal component, estimated by regression and Bartlett's method (Manly 1988) . Varimax rotation and principal component methods were applied in this research. Fig. 9 The results of cluster analysis A regression model must be performed to predict the dependent variable including drought indices based on physiographic, geologic, climatic, and land cover factors on homogeneous watersheds. The aim of cluster analysis is grouping the watersheds into homogenous classes. In an ideal outcome, division of data (i.e., individuals or watersheds) into clusters minimizes the differences between members of a given cluster and maximizes the differences between members of different clusters. Clusters should be composed of points separated by small distances. The most commonly used distance measure is the Euclidean distance. The procedure usually follows a hierarchical approach whereby the distance matrix between individuals is calculated. Each individual first forms a group with one member. The groups that are 'close' together are merged. Ways to define 'close' include nearest neighbors, furthest neighbor linkage, group average linkage and Ward's method. Ward's method with squared Euclidean distances is commonly used in hydrologic applications and was adopted in this study.
Discriminant function analysis, which completes factor analysis and cluster analysis, attempts to separate two or more groups of individuals, given measurement of several variables related to these individuals. An approach to discriminant analysis is based on Mahalanobis distance. The Mahalanobis distance is the distance between an individual and the centroid of each group in the attribute space (ndimensional space defined by n variables). The smaller the Mahalanobis distance, the closer the individual to the group centroid and the more likely it is to be classified as belonging to that group (Tabachnick and Fidell 2001) . The last step involves the development of a regression models.
Independent variables are geologic, physiographic, climatic, and land cover factors. Dependent variables are quantiles of hydrological drought indices including drought deficit volume and drought duration. Q 70 was used.
Stepwise regression is a technique for choosing the variables to be included in a multiple regression model (p \ 0.05). An important assumption behind this method is that some input variables do not have an important explanatory effect on the response. Therefore, it is a convenient simplification to keep only the statistically significant variables in the model. Stepwise regression might include different variables depending on the choice of starting model and inclusion strategy (Hocking 1976; Draper and Smith 1981) .
Results and discussions
In each one of the 54 hydrometric stations in the study area, drought periods were determined based on the 70 % threshold level. Frequency analysis on AMS of duration (DD) and deficit volume (DV) was performed. Suitable distribution could not be determined for five stations. Thus, the analysis continued with the remaining 49 stations.
The Chi-square test showed that the best distributions for deficit volume and duration series (AMS) were Generalized Pareto (GP) and Johnson, respectively. The number of droughts followed the Poisson distribution. In such instances, GP distribution is close to the extreme value theory (Tallaksen 2000) . The results of the selection of the best distribution coincided with the findings of Fleig et al. (2006) , England et al. (2004) , and Tokarczyk et al. (2005) . However, Clausen and Pearson (1995) and Kjeldsen et al. (2000) found that log-normal and double exponential distributions are the more appropriate distributions for DV and DD series.
The DV was further divided by the watershed area (A) to eliminate the predominant effect of widely varying watershed size and make the spatial mapping possible. The map of annual average DV/A index is shown in Fig. 5 . This index varies considerably from 0.11 to 6.28 times 1,000 m 3 /km 2 with lower values observed in the northern part of the study area (Karkhe Basin) and higher values in the southern part (Dez and Karoon basins). As noted in Fig. 5 , Dez Basin in the center of the whole area shows higher deficit volume compared to the rest of the region. This is partly because Dez sub-basins have generally a faster runoff response due to their slope and shape which causes lower ground water stores and therefore severe droughts. The DV/A index generally increases from upstream toward downstream in a basin because the drought effect of upper watersheds was conveyed to lower ones. The regional map of annual average drought duration (DD) is shown in Fig. 6 . The average DD in Karkhe Basin is often more than the average of the entire region (80 days), while it is lower in Dez and Karoon basins.
For most stations, the most severe and longest droughts occurred during 2000-2003 period. Deficit volume per area (DV/A) and duration (DD) of droughts with 2, 50, and 100-year return periods are also shown in Figs. 7 and 8. The average of DV/A was 4.2, 45.3, and 63.0, 1,000 m 3 /km 2 for 2-, 50-, and 100-year return periods, respectively. Further this index varied from 0.2 to 17.1, 2.4 to 372.6, and 3 to 447.1, 1,000 m 3 /km 2 for the mentioned return periods, respectively. Also the average of DD was 57, 261, and 296 days and varied from 39 to 74, 152 to 400, and 157 to 495 days for 2-, 50-, and 100-year return periods, respectively.
Performing factor analysis on 35 factors mentioned earlier, the Kaiser-Meywer-Olkin (KMO) tests resulted KMO = 0.56 ([0.5) , and Bartlett's test had a significant level smaller than 0.05. The first six factors with eigenvalues greater than one explained 45.12, 27.44, 6.55, 4.57, 2.93 and 2.59 % of variance, respectively, after Varimax rotation. Therefore, the total variance explained by the first six factors was 89.2 % (Table 2) . Independent variables had different effects on first six factors. For example in factor one, 14 variables (watershed area, area with NDVI \0.1, area with NDVI 0.1-0.25, area with NDVI 0.25-0.4, N land (%), E land (%), SE land, S land, SW land, W land, NW land, precipitation depth from December to April, precipitation depth from December to May, precipitation depth from December to March, precipitation depth from December to February) had the highest loading (Table 3) .
In order to determine hydrologically homogenous regions, the hierarchical cluster analysis was applied. Six factors that were identified in the factor analysis were standardized. Among nearest neighbor, furthest neighbor, within groups' linkage and Ward cluster methods, the method of furthest neighbor yielded the best results. The homogenous subregions were determined based on the maximum Euclidean distance of 12. The results of cluster analysis are shown in Fig. 9 . The discriminant analysis showed that watershed area, percentage of watershed area with NDVI \0.1, and the percentage of convex areas were the main discriminate variables between groups. Largest absolute correlation among such variables and any discriminant function were 0.843, 0.832 and 0.687, respectively. The Wilk's lambda, Chi-square, and canonical correlation statistics confirmed that these three homogenous groups were discriminates (Table 4 ). The map of hydrologically homogenous regions is shown in Fig. 10 .
At this stage, the stepwise regression analysis was carried out with the six identified factors and the two dependent variables, i.e., deficit volume and drought duration. The generalized least squares (GLS) method was applied to determine the model parameters. No suitable relation was found for drought duration in the homogenous regions. The cause might be due to the slight spatial variation of drought duration among the watersheds and thus a low correlation between drought duration and watershed and climatic properties. The average regional coefficients of variation for deficit volume and drought duration were 1.74 and 0.22, respectively. Hence, only deficit volume regional regression models were developed. Coefficient of determination (R 2 ) and standard error (Se) were calculated and the best model was selected with a significance level of a = 0.01, as shown in Table 5 .
All regional models in homogenous regions were significant at the 0.01 % level and had acceptable R 2 with low standard error. The value of R 2 for all models in homogenous regions were higher than those of the models developed for the whole region. Thus, delineation of homogenous regions improved the accuracy of regional drought models.
The models were further examined with the data of some five control stations (159, 293, 181, 277 , and 105) which were not used to develop the regression models. The prediction accuracy of the regional models in the homogenous regions is shown in Fig. 11 . In general, the models were found to be satisfactory. In addition, relative error of deficit volume for five control stations was calculated (Table 6 ). In all homogenous subregions, except subregion 1, the relative error was lower compared to that of the whole region. Therefore, the regression models in homogenous regions have better performance than the one for whole region.
Based on our results in southwestern Iran, two factors that were present in the regional hydrological drought relationships included watershed area and total precipitation depth from December to February. Chalise et al. (2003) found that the average annual rainfall is the most effective factor on stream flow in Himalaya, while Nutzmann and Mey (2007) concluded that the hydrological drought in Germany was controlled by the base flow and downfall of groundwater level. Garcia-Martino et al. (1996) , who studied the low flow relationship with watershed properties, determined that drainage density, the ratio of length of tributaries to the length of the main channel, the percentage of drainage area with northeast aspect and the average weighted slope were the most influential factors.
Conclusions
In this research, the threshold level method was applied to study regional hydrological drought in 54 hydrometric stations in southwestern Iran, encompassing Karkhe, Karoon, and Dez large basins. The most extreme regional drought occurred in the 2000-2003 period in the study area. DV/A index generally increases from upstream toward downstream in a basin because the drought effect of upper watersheds was conveyed to lower ones. Small catchments in higher altitudes would have more precipitation and lower evapotranspiration, resulting in lower deficit volumes. Also such catchments have snow cover for several months of year that caused a delay in draining the water from the catchments. Therefore, drought severity is smaller than downstream. Also the average of DV/A was Fig. 11 Predicted and estimated DV for homogenous regions: a 2-year DV for region 1, b 2-year DV for region 2, c 2-year DV for region 3, d 50-year DV for region 1, e 50-year DV for region 2, f 50-year DV for region 3, g 100-year DV for region 2, and h 100-year DV for region 3
Environ Earth Sci (2014 Sci ( ) 71:2955 Sci ( -2972 Sci ( 2969 4.2, 45.3, and 63.0, 1,000 m 3 /km 2 for 2-, 50-, and 100-year return periods, respectively, and the average of DD was 57, 261, and 296 days for such return periods, respectively. Frequency analysis on AMS of drought deficit volume and duration based on the 70 % threshold level showed that Generalized Pareto and Johnson distributions were most appropriate for deficit volume and duration series, respectively. The threshold level method was found to be a consistent method for the daily discharge series of perennial rivers.
Regional analysis of hydrological drought was accomplished using 35 physiographic, climatic, geologic, and vegetation factors. The most effective factors involved watershed area, total precipitation depth from December to February, the percentage of area with NDVI \0.1 (including bare land and poor-range lands), the percentage of convex area, drainage density, and the minimum elevation which explained 90.9 % of variance in total and had the highest correlation with the first six components. Homogenous regions were determined by the cluster analysis followed by the discriminant analysis that showed watershed area, percentage of watershed area with NDVI \0.1, and percentage of convex area were the main discriminative variables. Largest absolute correlation between such variables and any discriminant function were 0.843, 0.832 and 0.687, respectively. Multivariate regression models for the 2-, 50-, and 100-year deficit volume were derived at 0.01 significance level for the individual homogeneous subregions as well as for the entire region. Most deficit volume models involved watershed area and total precipitation depth from December to February. The latter variable implies that hydrological drought in the study region is influenced by the amount of snowfall which occurs mostly during this period. An average of snow to total precipitation ratio of about 20 % has been reported in this region (Saghafian and Davtalab 2007) . This implies that the snowfall detected early in a given water year may be a clue to the prediction of hydrological droughts. The regional deficit volume map confirmed meaningful differences between northern and southern portions as well as upstream and downstream watersheds. The deficit volume map can provide the basis for prioritizing the areas with respect to drought vulnerability and be used in water resources planning. No regional model could be established for hydrological drought duration due to slight regional variation. Regional deficit volume models in homogenous subregions had a better performance than those for the whole region. Thus, it is proposed to apply the subregional hydrological drought relationships for the estimation of deficit volume at ungaged locations where water resources projects, to include water transfer, are being planned.
